QCD corrections to Higgs boson decays into squarks in the Minimal
  Supersymmetric Standard Model by Bartl, A. et al.
ar
X
iv
:h
ep
-p
h/
97
01
39
8v
2 
 1
7 
Fe
b 
19
97
UWThPh-1997-03
HEPHY-PUB 664/97
TGU-19
ITP-SU-97/01
TU-517
hep-ph/9701398
QCD corrections to
Higgs boson decays into squarks in
the Minimal Supersymmetric Standard Model
A. Bartl,1 H. Eberl,2 K. Hidaka,3 T. Kon,4
W. Majerotto2 and Y. Yamada5
1Institut fu¨r Theoretische Physik, Universita¨t Wien, A-1090 Vienna, Austria
2Institut fu¨r Hochenergiephysik der O¨sterreichischen Akademie der Wissenschaften,
A-1050 Vienna, Austria
3Department of Physics, Tokyo Gakugei University, Koganei, Tokyo 184, Japan
4Faculty of Engineering, Seikei University, Musashino, Tokyo 180, Japan
5Department of Physics, Tohoku University, Sendai 980–77, Japan
Abstract
We calculate the supersymmetric O(αs) QCD corrections to the widths of
the Higgs boson decays H+ → t˜
¯˜
b and H0, A0 → t˜¯t˜, b˜
¯˜
b in the on–shell scheme
within the Minimal Supersymmetric Standard Model. We find that the QCD
corrections are significant, but that the squark pair decay modes are still domi-
nant in a wide parameter region.
1 Introduction
It is well known that the Minimal Supersymmetric Standard Model (MSSM) [1] pre-
dicts the existence of five physical Higgs bosons h0, H0, A0, and H± [2, 3]. In order
to facilitate experimental Higgs boson searches it is necessary to perform a thorough
theoretical study of their decay branching ratios [4]. Their decays into supersym-
metric (SUSY) particles can be very important if they are kinematically allowed
[5, 6, 7, 8]. The decays into the 3rd–generation squarks t˜ and b˜ can play a special
roˆle because they can be much lighter than the other squarks and the decays can be
strongly enhanced due to their large Yukawa couplings and their large q˜L− q˜R mixings
[6, 7, 8]. The tree–level results of Refs. [6, 8] show that the decay modes H+ → t˜¯˜b
and H0, A0 → t˜¯t˜, b˜¯˜b can be dominant in a large region of the parameter space of the
MSSM, and that this could have an important impact on searches for H+, H0, and
A0 at future colliders.
The SUSY QCD corrections to the decays H+ → tb¯ and H0, A0 → tt¯, bb¯ can be
large [9]. This suggests that the QCD corrections to H+ → t˜¯˜b and H0, A0 → t˜¯t˜, b˜¯˜b
could also be large. Therefore it is very important to examine whether the results of
Refs. [6, 8] remain valid after including the QCD corrections. In Ref. [10] it was shown
that the QCD corrections to H+ → t˜
¯˜
b can be significant in the DR renormalization
scheme, but that they do not invalidate the result in Ref. [6] on the dominance of the
H+ → t˜¯˜b mode in a large parameter region.
In the present paper we extend our study to the decays of the charged and neutral
Higgs bosons. We use the on–shell scheme which is more appropriate for the discussion
of physical observables. We calculate the complete O(αs) QCD corrections to the
widths of the decays H+ → t˜
¯˜
b and H0, A0 → t˜¯t˜, b˜
¯˜
b within the MSSM including all
quark mass terms and q˜L− q˜R mixings. The main complication here is that the q˜L− q˜R
mixing angles are renormalized by the SUSY–QCD corrections. This problem was first
solved in Ref. [11] in the treatment of e+e− → q˜¯˜q, where a suitable renormalization
condition for the squark–mixing angle was found. The method was also applied in [12,
13, 14, 15] to q˜i → qχ˜
0,±
j and t→ t˜1χ˜
0
1. In the present study we use the renormalization
prescription as given in [11]. Furthermore, we point out that special attention must be
paid to the soft SUSY–breaking parameter MQ˜, which enters the stop and sbottom
mass matrices: in the on–shell scheme, the renormalized MQ˜ in the stop sector is
different from that in the sbottom sector.
We find that the QCD corrections to the squark pair widths are significant, but that
the squark pair modes (H+ → t˜
¯˜
b and H0, A0 → t˜¯t˜, b˜
¯˜
b) are still dominant in a wide
parameter range.
2
2 Tree level result
We first review the tree level results [6, 8]. The squark mass matrix in the basis (q˜L,
q˜R), with q˜ = t˜ or b˜, is given by [2, 3](
m2LL m
2
LR
m2RL m
2
RR
)
= (Rq˜)†
(
m2q˜1 0
0 m2q˜2
)
Rq˜, (1)
where
m2LL = M
2
Q˜ +m
2
q +m
2
Z cos 2β(I
3L
q − eq sin
2 θW ), (2)
m2RR = M
2
{U˜ ,D˜} +m
2
q +m
2
Z cos 2βeq sin
2 θW , (3)
m2LR = m
2
RL =
{
mt(At − µ cotβ) (q˜ = t˜)
mb(Ab − µ tanβ) (q˜ = b˜)
, (4)
and
Rq˜iα =
(
cos θq˜ sin θq˜
− sin θq˜ cos θq˜
)
. (5)
The mass eigenstates q˜i(i = 1, 2) (with mq˜1 < mq˜2) are related to the SU(2)L eigen-
states q˜α(α = L,R) by q˜i = R
q˜
iαq˜α.
The tree–level decay width of Hk → q˜i¯˜qj is then given by (see Fig. 1a)
Γtree(Hk → q˜i¯˜qj) =
NCκ
16πm3Hk
|Gq˜ijk|
2 . (6)
For k = 1, 2, 3 Hk denotes the neutral Higgs bosons (i. e. H1 ≡ h0, H2 ≡ H0,
H3 ≡ A0) and q˜ = t˜, b˜. For k = 4 one has H4 ≡ H+ and q˜i ≡ t˜i, q˜j ≡ b˜j , and the upper
index q˜ in Gq˜ijk is omitted. κ = κ(m
2
Hk , m
2
q˜i
, m2q˜j), κ(x, y, z) ≡ ((x− y − z)
2 − 4yz)1/2,
NC = 3, and the H
kq˜∗i q˜j couplings [2, 3] are given by
Gt˜ij2 ≡ G(H
0t˜∗i t˜j) =
(
Rt˜Gt˜LR (R
t˜)T
)
ij
=
−gRt˜
 mZcW (I3Lt − ets2W )cα+β + m2tmW sβ sα mt2mW sβ (Atsα − µcα)
mt
2mW sβ (Atsα − µcα)
mZ
cW
ets
2
W cα+β +
m2t
mW sβ sα
 (Rt˜)T , (7)
Gb˜ij2 ≡ G(H
0b˜∗i b˜j) =
(
Rb˜Gb˜LR (R
b˜)T
)
ij
=
−gRb˜
 mZcW (I3Lb − ebs2W )cα+β + m2bmWcβ cα mb2mWcβ (Abcα − µsα)
mb
2mW cβ (Abcα − µsα)
mZ
cW
ebs
2
W cα+β +
m2
b
mWcβ cα
 (Rb˜)T , (8)
Gq˜ij1 ≡ G(h
0q˜∗i q˜j) = {G(H
0q˜∗i q˜j) with α→ α+
1
2π ,
(i. e. sinα ≡ sα → cα , cosα ≡ cα → −sα , and cos(α + β) ≡ cα+β → −sα+β)} ,(9)
3
Gt˜ij3 = G(A
0t˜∗i t˜j) =
ig
2mW
(
0 mt(At cotβ + µ)
−mt(At cot β + µ) 0
)
,
(10)
Gb˜ij3 = G(A
0b˜∗i b˜j) =
ig
2mW
(
0 mb(Ab tanβ + µ)
−mb(Ab tan β + µ) 0
)
, (11)
Gij4 ≡ G(H
+t˜∗i b˜j) =
g√
2mW
Rt˜
(
m2b tan β +m
2
t cot β −m
2
W sin 2β mb(Ab tanβ + µ)
mt(At cot β + µ) 2mtmb/ sin 2β
)
(Rb˜)T .
(12)
Here g is the SU(2) coupling, α is the mixing angle in the CP even neutral Higgs
boson sector, cW ≡ cos θW and sW ≡ sin θW .
3 QCD corrections
The O(αs) QCD virtual corrections to H
k → q˜i¯˜qj stem from the diagrams of Fig. 1b
(vertex corrections) and Fig. 1c (wave–function corrections). All parameters of the
QCD interacting particles, appearing in the tree–level mass matrix of eqs. (1) – (5)
and the tree–level couplings of eqs. (7) - (12), have to be renormalized. These are
the soft–SUSY–breaking squark masses MQ˜,U˜,D˜, the quark masses mt,b, the trilinear
couplings At,b, the squark masses mq˜1,2 , and the mixing angles θt˜,b˜ (α, β, and µ are of
course not renormalized by QCD). In this paper we use the on–shell renormalization
scheme.
The one–loop corrected decay amplitudes Gq˜ corrijk can be expressed as
Gq˜ corrijk = G
q˜
ijk + δG
q˜ (v)
ijk + δG
q˜ (w)
ijk + δG
q˜ (0)
ijk , (13)
where Gq˜ijk are defined by eqs. (7) – (12) in terms of the on–shell parameters, and
δG
q˜ (v)
ijk and δG
q˜ (w)
ijk are the vertex and squark wave–function corrections, respectively.
δG
q˜ (0)
ijk denotes the counterterm caused by the on–shell renormalization. They get
contributions from the gluon, gluino and squark exchange. (Again the upper index q˜
has to be omitted for k = 4.)
The gluon exchange contributions to the vertex corrections are (see Fig. 1b)
δG
q˜ (v,g)
ijk =
αsCF
4π
Gq˜ijk
[
B0(m
2
q˜i
, 0, m2q˜i) +B0(m
2
q˜j
, 0, m2q˜j)− B0(m
2
Hk , m
2
q˜i
, m2q˜j)
−2(m2Hk −m
2
q˜i
−m2q˜j)C0(λ
2, m2q˜i, m
2
q˜j
) ] . (14)
4
The gluino exchange contributions to them are (see Fig. 1b)
δG
q˜ (v,g˜)
ijk =
αsCF
2π
sqk [ 2δijmqB0(m
2
Hk , m
2
q , m
2
q)
+{δijmq + S
q˜
ijmg˜}(B0(m
2
q˜i
, m2g˜, m
2
q) +B0(m
2
q˜j
, m2g˜, m
2
q)) + {(4m
2
q −
m2Hk)S
q˜
ijmg˜ + (2m
2
q + 2m
2
g˜ −m
2
q˜i
−m2q˜j)δijmq}C0(m
2
g˜, m
2
q, m
2
q) ] , (15)
for k = 1, 2,
δG
q˜ (v,g˜)
ij3 = −
αsCF
2π
aq [ Aq˜ijmq(B0(m
2
q˜i
, m2g˜, m
2
q)− B0(m
2
q˜j
, m2g˜, m
2
q))
+ǫijmg˜(B0(m
2
q˜i
, m2g˜, m
2
q) +B0(m
2
q˜j
, m2g˜, m
2
q))
+{(m2q˜i −m
2
q˜j
)Aq˜ijmq −m
2
Hkǫijmg˜}C0(m
2
g˜, m
2
q , m
2
q) ] , (16)
and
δG
(v,g˜)
ij4 =
αsCF
2π
[ {(αLL)ij(mty2 +mby1) + (αRR)ij(mty1 +mby2)}B0(m
2
H , m
2
b , m
2
t )
+{(αLL)ijmty2 + (αLR)ijmg˜y1 + (αRL)ijmg˜y2 + (αRR)ijmty1}B0(m
2
t˜i
, m2g˜, m
2
t )
+{(αLL)ijmby1 + (αLR)ijmg˜y1 + (αRL)ijmg˜y2 + (αRR)ijmby2}B0(m
2
b˜j
, m2g˜, m
2
b)
+{(m2t +m
2
b −m
2
H)mg˜((αLR)ijy1 + (αRL)ijy2)
+(m2b +m
2
g˜ −m
2
b˜j
)mt((αLL)ijy2 + (αRR)ijy1)
+(m2t +m
2
g˜ −m
2
t˜i
)mb((αLL)ijy1 + (αRR)ijy2)
+2mg˜mtmb((αLR)ijy2 + (αRL)ijy1)}C0(m
2
g˜, m
2
t , m
2
b)
]
. (17)
The vertex corrections due to the four–squark interaction are (see Fig. 1b)
δG
q˜ (v,q˜)
ijk = −
αsCF
4π
∑
n,l
B0(m
2
Hk , m
2
q˜n, m
2
q˜l
)Gq˜nlkA
q˜
inA
q˜
lj , (k = 1, 2, 3), (18)
δG
(v,q˜)
ij4 = −
αsCF
4π
∑
n,l
B0(m
2
H+ , m
2
t˜n
, m2
b˜l
)Gnl4A
t˜
inA
b˜
lj . (19)
sqk (k = 1, 2), a
q, y1, and y2 in eqs. (15), (16), and (17) are the Yukawa couplings [2]:
L = sq1h
0q¯q + sq2H
0q¯q + aqA
0q¯γ5q +H+t¯(y1PR + y2PL)b , (20)
with
st1 = −g
mt cosα
2mW sinβ
, sb1 = g
mb sinα
2mW cos β
,
st2 = −g
mt sinα
2mW sinβ
, sb2 = −g
mb cosα
2mW cos β
,
at = igmt cotβ
2mW
, ab = igmb tan β
2mW
,
y1 =
g√
2mW
mb tan β = hb sin β and y2 =
g√
2mW
mt cotβ = ht cos β .
(21)
5
CF = 4/3, δij is the unit matrix, ǫij is totally antisymmetric with ǫ12 = 1,
Aq˜ =
(
cos 2θq˜ − sin 2θq˜
− sin 2θq˜ − cos 2θq˜
)
, S q˜ =
(
− sin 2θq˜ − cos 2θq˜
− cos 2θq˜ sin 2θq˜
)
= ǫikA
q˜
kj , (22)
(ασρ)ij = (2δσρ − 1)R
t˜
iσR
b˜
jρ , (23)
and mg˜ is the gluino mass. A gluon mass λ is introduced to regularize the infrared
divergences. The UV divergences are regularized by dimensional reduction (DR) [16,
17] which preserves supersymmetry at least at one–loop order. We use the usual one–,
two–, and three–point functions A0, B0, B1, and C0 [18]:
A0(m
2) =
∫
dDq
iπ2
1
q2 −m2
,
[B0, k
µB1] (k
2, m21, m
2
2) =
∫
dDq
iπ2
[1, qµ]
(q2 −m21)((q + k)
2 −m22)
,
C0(m
2
0, m
2
1, m
2
2) =
∫ dDq
iπ2
1
(q2 −m20)((q + kq˜i)
2 −m21)((q + kq˜j)
2 −m22)
.
In these integrals kq˜i and −kq˜j are the external momenta of q˜i and ¯˜qj , respectively.
The squark wave–function corrections δG
q˜ (w)
ijk can be expressed as
δG
q˜ (w)
ijk = −
1
2
[
Π˙q˜ii(m
2
q˜i
) + Π˙q˜jj(m
2
q˜j
)
]
Gq˜ijk −
Πq˜ii′(m
2
q˜i
)
m2q˜i −m
2
q˜i′
Gq˜i′jk −
Πq˜j′j(m
2
q˜j
)
m2q˜j −m
2
q˜j′
Gq˜ij′k . (24)
Here and in the following i 6= i′ and j 6= j′. Πq˜ij(k
2) are the one–loop corrections to
the two-point functions of ¯˜qiq˜j , which are obtained from the graphs of Fig. 1c. Π˙(k
2)
denotes the derivative with respect to k2. The last two terms in (24) represent the
corrections due to squark mixing. Note that for H+ decay (k = 4) the subscripts i
and i′ are attached to t˜ and j and j′ to b˜. The explicit forms of the self–energies and
their derivatives of the diagonal parts are
Π
q˜ (g)
ij (k
2) = −
αsCF
4π
δij
[
(3k2 +m2q˜i)B0(k
2, λ2, m2q˜i) + 2k
2B1(k
2, λ2, m2q˜i)
]
, (25)
Π
q˜ (g˜)
ij (k
2) = −
αsCF
π
[(
A0(m
2
q) + k
2B1(k
2, m2g˜, m
2
q)
)
δij
+
(
m2g˜δij + (S
q˜)ijmqmg˜
)
B0(k
2, m2g˜, m
2
q) ] , (26)
Π
q˜ (q˜)
ij (k
2) =
αsCF
4π
 cos2 2θq˜A0(m2q˜1) + sin2 2θq˜A0(m2q˜2) 12 sin 4θq˜ (A0(m2q˜2)− A0(m2q˜1))
1
2
sin 4θq˜
(
A0(m
2
q˜2)−A0(m
2
q˜1)
)
sin2 2θq˜A0(m
2
q˜1) + cos
2 2θq˜A0(m
2
q˜2)
 ,
(27)
6
Π˙
q˜ (g)
ii (m
2
q˜i
) = −
αsCF
4π
[
3B0(m
2
q˜i
, 0, m2q˜i) + 2B1(m
2
q˜i
, 0, m2q˜i)
+4m2q˜iB˙0(m
2
q˜i
, λ2, m2q˜i) + 2m
2
q˜i
B˙1(m
2
q˜i
, 0, m2q˜i) , (28)
Π˙
q˜ (g˜)
ii (m
2
q˜i
) = −
αsCF
π
[ m2g˜B˙0(m
2
q˜i
, m2g˜, m
2
q) +B1(m
2
q˜i
, m2g˜, m
2
q)
+m2q˜iB˙1(m
2
q˜i
, m2g˜, m
2
q) + (−)
i sin 2θq˜mqmg˜B˙0(m
2
q˜i
, m2g˜, m
2
q)
]
, (29)
Π˙
q˜ (q˜)
ii (m
2
q˜i
) = 0 . (30)
Now we discuss the shifts δG
q˜ (0)
ij2 in eq. (13). From eqs. (7) and (8) it follows:
δG
q˜ (0)
ij2 =
(
Rq˜ δGq˜LR (R
q˜)T + δRq˜ Gq˜LR (R
q˜)T +Rq˜ Gq˜LR δ(R
q˜)T
)
ij
. (31)
Using eq. (5) one further gets:
δG
q˜ (0)
ij2 = (R
q˜)ik(δG
q˜
LR)kl(R
q˜)jl −
(
(−1)iGq˜i′j2 + (−1)
jGq˜ij′2
)
δθq˜ . (32)
From eqs. (7) and (8) it directly follows:
δGt˜LR = −
g
2mW sβ
(
4mtsαδmt δ(mtAt)sα − µcαδmt
δ(mtAt)sα − µcαδmt 4mtsαδmt
)
, (33)
δGb˜LR = −
g
2mW cβ
(
4mbcαδmb δ(mbAb)cα − µsαδmb
δ(mbAb)cα − µsαδmb 4mbcαδmb
)
. (34)
To get the correction terms δG
q˜ (0)
ij1 one makes the same replacements as in eq. (9):
δG
q˜ (0)
ij1 =
(
δG
q˜ (0)
ij2 with α→ α +
1
2π
)
. (35)
For the couplings to the A0 boson, eqs. (10) and (11) one gets the correction terms
δG
q˜ (0)
ij3 =
ig
2mW
(
0 δ(mqAq){cot β, tan β}+ µδmq
−(δ(mqAq){cot β, tan β}+ µδmq) 0
)
,
(36)
where cot β (tanβ) has to be taken for q˜ = t˜ (b˜).
For the H+ → t˜
¯˜
b (k = 4) we have
δG
(0)
ij4 =
(
Rt˜ δGLR (R
b˜)T
)
ij
− (−1)iGi′j4δθt˜ − (−1)
jGij′4δθb˜ , (37)
and
δGLR =
g√
2mW
(
2mbδmb tanβ + 2mtδmt cot β δ(mbAb) tanβ + δmbµ
δ(mtAt) cotβ + δmtµ 2(δmtmb +mtδmb)/ sin 2β
)
. (38)
7
We now give the formulae for δmq, δ(mqAq), and δθq˜ in the on-shell scheme. These
terms consist of three parts, denoted by the superscripts g, g˜, and q˜. Therefore we
can write δG
q˜ (0)
ijk ≡ δG
q˜ (0,g)
ijk + δG
q˜ (0,g˜)
ijk + δG
q˜ (0,q˜)
ijk . Since the renormalized mq is taken
to be the pole mass, one gets
δmq = δm
(g)
q + δm
(g˜)
q ,
δm(g)q = −
αsCF
2π
mq(B0(m
2
q , 0, m
2
q)− B1(m
2
q , 0, m
2
q)) , and
δm(g˜)q = −
αsCF
4π
[ sin 2θq˜mg˜(B0(m
2
q , m
2
g˜, m
2
q˜1
)−B0(m
2
q, m
2
g˜, m
2
q˜2
))
+mq(B1(m
2
q , m
2
g˜, m
2
q˜1) +B1(m
2
q , m
2
g˜, m
2
q˜2)) ] , (39)
from the graphs of Fig. 1d. Note that δm(q˜)q = 0 because there is no corresponding
Feynman graph.
The on–shell renormalization of the squark mixing angle θq˜ and mqAq is, however, not
straightforward. Here we adopt the following procedure: We start from squark pole
masses mq˜i and the on–shell mixing angle θq˜ which will be defined later. The other
on–shell parameters (MQ˜,U˜ ,D˜, Aq) for squarks are then defined in terms of the above
mq˜i and θq˜ by the tree-level relations eqs. (1)–(5). In this scheme δ(mqAq) takes the
form
δ(mqAq) =
1
2
(δm2q˜1−δm
2
q˜2
) sin 2θq˜+(m
2
q˜1
−m2q˜2) cos 2θq˜δθq˜+δmqµ{cotβ, tanβ} , (40)
where cot β (tanβ) is for q˜ = t˜ (b˜). Here one has δm2q˜i = Re[Π
q˜ (g)
ii (m
2
q˜i
) +Π
q˜ (g˜)
ii (m
2
q˜i
) +
Π
q˜ (q˜)
ii (m
2
q˜i
)] from eqs. (25)-(27).
Next we have to define the on–shell renormalized squark mixing angle θq˜. We treated
this problem in [11] in the case of e+e− → q˜i¯˜qj . We fixed the counterterm of the
mixing angle δθq˜ such that it cancels the off–diagonal part of the squark wave–function
corrections to e+e− → q˜1¯˜q2. Here we use the same scheme and take δθq˜ = δθ
(g˜)
q˜ + δθ
(q˜)
q˜
from [11]:
δθ
(g˜)
q˜ =
αsCF
4π
mg˜mq
I3Lq (m
2
q˜1 −m
2
q˜2)
(
B0(m
2
q˜2
, m2g˜, m
2
q)a11 −B0(m
2
q˜1
, m2g˜, m
2
q)a22
)
, (41)
δθ
(q˜)
q˜ =
αsCF
8π
sin 4θq˜
m2q˜1 −m
2
q˜2
(
A0(m
2
q˜2
)− A0(m
2
q˜1
)
)
, (42)
with a11 = 4(I
3L
q cos
2 θq˜ − s
2
W eq) and a22 = 4(I
3L
q sin
2 θq˜ − s
2
W eq). The counterterms
δG
q˜ (0)
ijk are then completely fixed.
In our calculation we need the on–shell parameters (MQ˜,U˜,D˜, Aq). In a combined
treatment of both the stop and the sbottom sectors in the on–shell scheme we have to
pay special attention to the parameterMQ˜. This is necessary for the calculation of the
8
decay width of H+ → t˜¯˜b and of the branching ratios of Higgs decays. At tree–level
and in the DR scheme the parameter MQ˜ in the stop and sbottom mass matrices
must be equal because of SU(2)L symmetry. In the on–shell scheme, however, this is
not the case. The shifts from the DR parameters to the on–shell (i. e. physical) ones
are different for the stop and sbottom sectors:
M2
Q˜
∣∣∣
DR
= M2
Q˜
(t˜)
∣∣∣
os
+ δM2
Q˜
(t˜) , M2
Q˜
∣∣∣
DR
= M2
Q˜
(b˜)
∣∣∣
os
+ δM2
Q˜
(b˜) , (43)
with
δM2Q˜(q˜) = δm
2
q˜1 cos
2 θq˜ + δm
2
q˜2 sin
2 θq˜ − (m
2
q˜1 −m
2
q˜2) sin 2θq˜δθq˜ − 2mqδmq . (44)
In this paper we take MQ˜(t˜)|os as the on–shell input parameter. This then leads to a
shift of M2
Q˜
in the sbottom sector:
M2
Q˜
(b˜)
∣∣∣
os
= M2
Q˜
(t˜)
∣∣∣
os
+ δM2
Q˜
(t˜)− δM2
Q˜
(b˜) . (45)
As all physical parameters are finite, the shift δM2
Q˜
(t˜) − δM2
Q˜
(b˜) has to be UV con-
vergent. We have checked that this is indeed the case.
The one–loop corrected decay width to O(αs) in the on–shell scheme is then given by
Γ(Hk → q˜i¯˜qj) =
NCκ
16πm3Hk
[|Gq˜ijk|
2 + 2Gq˜ijkRe(δG
q˜ (v)
ijk + δG
q˜ (w)
ijk + δG
q˜ (0)
ijk )]. (46)
We have checked the UV convergence of the amplitudes Gq˜ corrijk of eq. (13) and hence
also of Γ(Hk → q˜i¯˜qj). The width of eq. (46) is still infrared divergent.
The infrared divergences in (46) are cancelled by including theO(αs) contribution
from real gluon emission from q˜i and ¯˜qj (see Fig. 1e). The decay width of H
k(p) →
q˜i(k1) + ¯˜qj(k2) + g(k3) is given by
Γ(Hk → q˜i¯˜qjg) =
αsCFNC |G
q˜
ijk|
2
4π2mHk
[(m2Hk −m
2
q˜i
−m2q˜j)I12 −m
2
q˜i
I11 −m
2
q˜j
I22 − I1 − I2].
(47)
The functions In, and Inm are defined as [18]
Ii1...in =
1
π2
∫
d3k1
2E1
d3k2
2E2
d3k3
2E3
δ4(p− k1 − k2 − k3)
1
(2k3ki1 + λ
2) . . . (2k3kin + λ
2)
. (48)
The explicit forms of Ii1...in are given in [18]. In (47), I11,22,12 are infrared divergent.
We have checked that the infrared divergences in (47) cancel those in (46). In the
numerical analysis we define the corrected decay width as
Γcorr(Hk → q˜i¯˜qj) ≡ Γ(H
k → q˜i¯˜qj) + Γ(H
k → q˜i¯˜qjg) . (49)
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4 Numerical results and conclusions
We choose {mA0 , mt,b, M , µ, tanβ, MQ˜(t˜), A} (with MQ˜(t˜) ≡ MQ˜(t˜)|os) as the ba-
sic input parameters of the MSSM, taking M = (α2/αs(mg˜))mg˜ = (3/5 tan
2 θW )M
′,
MQ˜(t˜) : MU˜ : MD˜ : ML˜ : ME˜ = 1 :
8
9
: 10
9
: 1 : 1 and A ≡ At = Ab = Aτ . Here M
(M ′) is the SU(2) (U(1)) gaugino mass, α2 = g2/4π, and (ML˜,E˜ , Aτ ) are the mass
matrix parameters of the slepton sector [6, 8]. We take mt = 175 GeV, mb = 5 GeV,
mZ = 91.2 GeV, mW = 80 GeV, sin
2 θW = 0.23, α2 = 0.0337, and αs = αs(mHk) for
the Hk decay. We use αs(Q) = 12π/{(33 − 2nf) ln(Q
2/Λ2nf )}, with αs(mZ) = 0.12,
and the number of quark flavors nf = 5(6) for mb < Q ≤ mt (for Q > mt).
We define the QCD corrections as the difference between the O(αs) corrected
width Γcorr(Hk → q˜i¯˜qj) of eq. (49) (i. e. eqs. (46) plus (47)) and the tree–level width
Γtree(Hk → q˜i¯˜qj) of eq. (6) with MQ˜ = MQ˜(t˜) for both the t˜ and b˜ mass matrices.
Note that mt˜i = m
tree
t˜i
but mb˜i 6= m
tree
b˜i
due to the shift inMQ˜(b˜) in eq. (45), where mq˜i
(mtreeq˜i ) is the on–shell q˜i–mass at one–loop level (at tree–level). This shift is calculated
by taking αs at the scale MQ˜(t˜) in eq. (44).
In order not to vary too many parameters, in the following we take the val-
ues of M,µ, and tan β such that mχ˜0
1
≃ 70 GeV as in [8], where χ˜01 is the lightest
neutralino. In Fig. 2 we show the mA0 dependence of the tree–level and corrected
widths ΓtreeHk (q˜
¯˜q) ≡
∑
i,j=1,2 Γ
tree(Hk → q˜i¯˜qj) and Γ
corr
Hk (q˜
¯˜q) ≡
∑
i,j=1,2 Γ
corr(Hk → q˜i¯˜qj),
and the tree-level branching ratio BtreeHk (q˜
¯˜q) ≡
∑
i,j=1,2B
tree(Hk → q˜i¯˜qj) [6, 8] for
(tan β,M (GeV), µ (GeV), MQ˜(t˜) (GeV), A (GeV)) = (2, 160, 300, 95, 300) (a,
b, c), and (12, 140, –300, 150, –250) (d, e, f). In these cases we have (in GeV
units): (mt˜1 , mt˜2 , mb˜1 , mb˜2 , m
tree
b˜1
, mtree
b˜2
, mg˜, mχ˜+
1
) = (106, 252, 105, 124, 99, 113, 465,
128)(a,b,c) and (97, 297, 113, 215, 102, 210, 412, 133)(d,e,f). Here χ˜+1 is the lighter
chargino. We see that in these cases the t˜¯˜b mode (the sum of the t˜¯t˜ and b˜¯˜b modes)
dominates theH+ decay (theH0 and A0 decays) in a widemA0 range at the tree–level,
and that the QCD corrections to the t˜
¯˜
b mode (the t˜¯t˜ and b˜
¯˜
b modes) are significant,
but that as a whole they do not invalidate the dominance of the t˜
¯˜
b mode (the sum of
the t˜¯t˜ and b˜
¯˜
b modes). Our calculation includes the leading Yukawa corrections to the
Higgs sector as in [6, 8]. Note that mH+ ≃ mH0 ≃ mA0 in the mA0 range shown here,
and that the A0 does not couple to t˜i
¯˜ti and b˜i
¯˜bi (i = 1, 2). As for h
0 decay, we have
found that the decay h0 → t˜1
¯˜t1 is kinematically allowed only in a very limited region
of the MSSM parameter space [8].
In Table 1 we show the values of the tree–level branching ratios Btree(H+ → t˜¯˜b)
(a, d), Btree(H0 → t˜¯t˜, b˜¯˜b) (b, e), Btree(A0 → t˜¯t˜, b˜¯˜b) (c, f), and the QCD corrections
C(H+ → t˜¯˜b) (a, d), C(H0 → t˜¯t˜, b˜¯˜b) (b, e), C(A0 → t˜¯t˜, b˜¯˜b) (c, f) for typical values of
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MQ˜(t˜) and A, for (mA0 (GeV), tan β, µ (GeV), M (GeV)) = (400, 2, 300, 160) (a),
(450, 2, 300, 160) (b), (500, 2, 300, 160) (c), (400, 12, –300, 140) (d), (450, 12, –300,
140) (e), and (500, 12, –300, 140) (f). Here Btree(H+ → t˜
¯˜
b) ≡ BtreeH+ (t˜
¯˜
b), Btree(Hk →
t˜¯t˜, b˜
¯˜
b) ≡
∑
q˜=t˜,b˜B
tree
Hk (q˜
¯˜q) (k = 2, 3), C(H+ → t˜
¯˜
b) ≡ (ΓcorrH+ (t˜
¯˜
b) − ΓtreeH+ (t˜
¯˜
b))/ΓtreeH+ (t˜
¯˜
b),
and C(Hk → t˜¯t˜, b˜¯˜b) ≡ (
∑
q˜=t˜,b˜ Γ
corr
Hk (q˜
¯˜q) −
∑
q˜=t˜,b˜ Γ
tree
Hk (q˜
¯˜q))/
∑
q˜=t˜,b˜ Γ
tree
Hk (q˜
¯˜q) (k = 2, 3).
We see again that the QCD corrections are significant, but that the q˜¯˜q modes domi-
nate the H+, H0, and A0 decays in a wide region also when the QCD corrections are
included. We have found that our results are rather insensitive to the assumptions on
the ratios of MU˜ ,D˜,L˜,E˜/MQ˜(t˜) and Ab,τ/At.
Here we note that for large tan β (and large |µ|) we often get negative corrected
widths for some of the b˜–involved modes (i. e. the b˜i
¯˜bj and t˜i
¯˜bj modes) depending on
the values of the other input parameters. This is mainly due to a large value of the
third term of δ(Abmb) of eq. (40) for large tanβ which leads to large values of the
shifts δG
b˜ (0)
ijk , (k = 2, 3) and δG
(0)
ij4 of eqs. (32), (36), and (37), which then can result
in negative corrected widths for some of the b˜–involved modes. Here note that the
shifts δG
b˜ (0)
ijk and δG
(0)
ij4 are roughly proportional to δ(Abmb) tanβ ∼ δmb µ tan
2 β.
In conclusion, we have calculated the O(αs) QCD corrections to the decay widths
ofH+ → t˜¯˜b andH0, A0 → t˜¯t˜, b˜¯˜b in the on–shell scheme, including all quark mass terms
and q˜L–q˜R mixing. We find that the QCD corrections are significant, but that they
do not invalidate our previous conclusions at tree–level about the dominance of the
t˜
¯˜
b, and t˜¯t˜, b˜
¯˜
b modes in a wide MSSM parameter region.
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Figure Captions
Fig. 1 All diagrams relevant for the calculation of the O(αs) QCD corrections to the
width of Hk → q˜i¯˜qj in the MSSM.
Fig. 2 ThemA0 dependence of Γ
tree
Hk (q˜
¯˜q) (dashed line), ΓcorrHk (q˜
¯˜q) (solid line), andBtreeHk (q˜
¯˜q)
(short–dashed line) for (tan β,M (GeV), µ (GeV), MQ˜(t˜) (GeV), A (GeV)) =
(2, 160, 300, 95, 300) (a, b, c), and (12, 140, –300, 150, –250)(d, e, f).
Table Caption
Table 1 Btree and C for typical values ofMQ˜(t˜) andA, for various values of (mA0 , tanβ, µ,M).
See the text for details. The requirement mt˜1,b˜1,l˜− > mχ˜01 (≃ 70 GeV) is satisfied
for these parameter values.
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Table 1
M
Q˜
(t˜)(GeV) A(GeV) Btree C M
Q˜
(t˜)(GeV) A(GeV) Btree C
(a) 80 0 0.704 −0.002 (d) 140 −250 0.781 0.158
80 250 0.803 0.125 140 0 0.735 0.121
120 150 0.732 0.148 140 200 0.756 0.091
120 350 0.751 −0.052 180 −300 0.680 0.114
140 0 0.609 0.002 180 0 0.624 0.196
160 350 0.678 0.185 180 250 0.646 0.159
180 −150 0.506 −0.103 220 −400 0.669 0.103
240 550 0.706 0.241 220 350 0.600 0.135
(b) 80 0 0.818 −0.072 (e) 140 −250 0.595 0.201
140 100 0.752 0.164 180 200 0.560 0.116
200 −150 0.746 −0.132 200 250 0.564 0.155
200 0 0.706 0.131 240 −400 0.569 0.018
200 400 0.644 0.220 260 400 0.536 0.092
260 −300 0.649 −0.247 300 −600 0.611 0.011
260 600 0.777 0.153 340 650 0.497 0.075
360 900 0.865 0.171 400 −950 0.649 0.005
(c) 80 200 0.617 0.135 (f) 140 −250 0.591 0.270
80 300 0.680 0.118 140 −50 0.503 0.350
100 300 0.668 0.139 160 0 0.445 0.389
120 250 0.616 0.185 170 150 0.440 0.318
140 200 0.550 0.244 180 −200 0.464 0.302
140 350 0.661 0.186 180 200 0.433 0.345
180 300 0.505 0.451 200 −350 0.531 0.071
180 450 0.672 0.221 200 300 0.434 0.402
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